Abstract Branched chain fatty acids (BCFA) have recently been shown to be a major component of the normal human newborn gastrointestinal tract and have long been known to be a component of human milk. Ruminant food products are major sources of fat in the American diet, but there are no studies of milkfat BCFA content in retail milk. We report here the profile and concentrations of BCFA in a representative sampling of retail milk in the 48 contiguous United States (US), and their estimated intake in the American diet. Conventionally produced whole fluid milk samples were obtained from 56 processing plants across the contiguous 48 states. Retail milk samples contain exclusively iso-and anteiso-BCFA with 14-18 carbons. BCFA were 2.05 ± 0.14%, w/w of milkfat fatty acids (mean ± SD), and anteiso-BCFA comprised more than half this total. Based on these data and USDA food availability data, the average per capita BCFA intake of Americans is estimated to be about 220 mg/d from dairy; if current dietary recommendations were followed, BCFA intake would be about 400 mg/d. Adding intake from beef consumption, these estimates rise to approximately 400 and 575 mg/d, respectively. These results indicate that BCFA intake is a substantial fraction of daily fat intake, in amounts exceeding those of many bioactive fatty acids.
Introduction
Milk and dairy products are major contributors to fat intake in the American diet. Cow's milkfat is characterized by high proportions of fatty acids (FA) with 16 carbons or less. Individual FA, such as conjugated linoleic acids (CLA), may have a beneficial effect on health maintenance and prevention of acute and chronic disease [1, 2] . The FA profile of milk in all species, including cow's milk, is sensitive to dietary fat intake, for instance, concentrate versus pasture versus fish oil supplementation [3] [4] [5] [6] , thus milk composition may differ depending on production practices. O'Donnell-Megaro et al. [7] recently reported the composition of major FA retail milk in the United States (US). About 3.1% of FA were unidentified and listed as a group under ''Other''; branched chain fatty acids (BCFA) are included in this group.
BCFA are primarily saturated FA (SFA) with one or more methyl branches. In human metabolism, they are best studied as components of skin lipids. Overall, several dozen specific BCFA, are found in milk and tissue of ruminants including sheep and goats, presumably synthesized by ruminal organisms that rely on them for membrane lipids [8, 9] . BCFA are conveniently categorized as mono-and di-/multi-methyl BCFA; in monomethyl BCFA, the predominant branching is at the terminal methyl (iso) or next to the terminal methyl (anteiso), as shown in Fig. 1 . iso-and anteiso-BCFA are the main BCFA reported in cow's milk [3, 4, 6, 10, 11] . Terpenoid BCFA, exemplified by internal periodic poly-methyl branching such as phytanic acid (3,7,11,14 tetra-methyl hexadecanoic acid) and its alpha oxidation product pristanic acid (2,6,10,14 tetramethyl pentadecanoic acid) are also reported in cow's milk [11, 12] .
Information on human intake and metabolism of BCFA is scant, and there are no recommendations for or against dietary intake of BCFA. Ran-Ressler et al. [13] recently showed that BCFA are a major component of the late term fetal and newborn gut contents. They comprise almost one third of the FA in vernix [13] , the white fatty film that covers the fetus in utero. Vernix suspended in amniotic fluid is normally swallowed by the fetus, increasingly so as parturition approaches [14] , exposing the fetal gut to BCFA from an early age. Moreover, BCFA are also found in human milk [15, 16] where they reportedly comprise 1.5%, w/w. A 1981 report put the concentrations of anteiso-17:0 in colostrum at 0.45%, w/w, higher than the concentrations of docosahexaenoic acid (DHA; 22:6n-3; 0.32%, w/w) and arachidonic acid (20:4n-6; 0.4%, w/w) [16] . A study in rat pups shows that BCFA reduce the incidence of necrotizing enterocolitis (NEC), a devastating intestinal disease affecting premature infants (Ran-Ressler et al. unpublished data). Thus, BCFA are a major component in perinatal nutrition, and although they may have a beneficial role in human health, their presence in the US food chain has been almost completely neglected.
The objective of the present study is to analyze the levels and distribution of BCFA in US retail milk and to estimate the contribution of BCFA to the nutrition of Americans based on estimated intake of milk and other foods produced by ruminant animals such as cheese and beef. In a 1994 survey, dairy products contributed 7.5% of the protein, 4.2% of the total fat, and approximately 8% of the total saturated fat in the diet of adults [17] . Based on NHANES 1999-2004 [18] fluid milk, mostly whole milk, provided 7.5, and 6.4% of energy intake in children age 2-4 and 5-10, respectively. We hypothesized that BCFA are found in retail milk and dairy products in the US and thus are consumed in substantial amounts in the American diet. We report here the first data on the structure and quantitative analysis of BCFA in a representative samples of the US retail milk supply and we show that BCFA intake, per capita, is in excess than that of many bioactive FA.
Experimental Procedures

Sampling
Conventionally produced whole fluid milk samples were obtained from 56 US milk processing plants across the contiguous 48 states. All samples were whole milk obtained in December, 2008. They had been homogenized, pasteurized and packaged for transport to retail stores. Processing plants were selected based on the criteria that they represented at least 50% of the volume of milk produced in that area. Milk was shipped on ice overnight to Cornell University and immediately processed for the analysis of FA composition.
Fatty Acid Analysis
Milk fat extraction was based on the Mojonnier method (AOAC 995.19) as modified by Barbano [19] . Briefly, milkfat was obtained from 10 ml whole fluid milk by a sequence of 3 successive extractions. Ten milliliters of Fig. 1 Structures of iso-and anteiso-branched chain fatty acids (BCFA). n-(normal) hydrocarbon chains without branching. iso-BCFA have a bifurcated methyl branch (iso-15:0 is 13-methyl tetradecanoic acid). anteiso-BCFA have a methyl branch on the antepenultimate carbon. anteiso-15:0 is 12-methyl tetradecanoic acid 95% alcohol and 25 ml ethyl ether plus milk was followed by vigorous mixing, then 25 ml petroleum ether was added and followed by vigorous mixing, and decanting of the ether layer. The second and third extractions were similar, except the volume of solvents was reduced to 5 ml of 95% alcohol and 15 ml each of ethyl and petroleum ethers, and the third extraction omitted the 95% alcohol. Ether solutions from the 3 extractions were combined, dried and resuspended in hexane. Methyl esters of the extracted fat were prepared using sodium methoxide as the methylation reagent, according to Christie [20] as modified by Chouinard [21] .
Fatty acid methyl ester (FAME) analyses were performed using a Hewlett Packard 5890 Gas Chromatograph (GC) equipped with a split/splitless injector run in splitless mode at 250°C, and with the flame ionization detector (FID) at 270°C. A BPX-70 column (25 m 9 0.22 mm 9 0.25 lm, SGE, Austin, TX) was used for the analysis with H 2 as the carrier gas. The oven temperature program was initially 80°C for one minute, increased by 30°C per minute to 170°C and held for 2 min, then increased by 10°C per minute until a final temperature of 240°C which was held for 1 min. An equal weight FAME mixture (68A; Nu-Chek Prep, Elysian, MN) was used to calculate response factors. Several pure BCFA were also used as reference standards: iso-14:0, anteiso-15:0; iso-16:0, anteiso-17:0, iso-18:0 and iso-20:0 (Larodan Fine Chemicals AB, Malmo, Sweden). FAME identities were determined by electron impact ionization mass spectrometry (EI-MS), using a Varian Star 3400 GC coupled to a Varian Saturn 2000 ion trap MS, based on GC retention times and EI mass spectra. The GC-MS column was a BPX-70 (60 m 9 0.32 mm 9 0.25 lm, SGE, Austin, TX). The following primary characteristic ions were used for saturated and BCFA methyl ester identification: Molecular ion [M], 74 m/z (McLafferty rearrangement), and 87 m/z (formed by cleavage at the fourth carbon). Ions at 88 m/z and 101 m/z were used for the presence of a methyl branch in the second and third carbon, as in the multibranched FA pristanic and phytanic acid, respectively. In addition, the presence, in higher intensities compared to their normal homologues, of the fragments [M-15] ? or [M-43] ? or both indicated the presence of iso-BCFA; while the fragments [M-29] ? or [M-57] ? or both indicated the presence of anteiso-BCFA. The MS spectra of the BCFA were compared to the pure BCFA mixture described above and to an online spectra archive http://www.lipidlibrary.aocs.org/ms/arch_me/index. htm#branch.
Under the GC-FID conditions described above, two pairs of FAME coelute, iso-15:0/14:1 and iso-17:0/16:1. Coelutions of monoenic and BCFA are unavoidable even on long columns such as CP-Sil-88 [22] . The use of a semipolar column such as the CP-Sil 19 was reported recently to effectively separate BCFA from monounsaturated FA (MUFA) in cheese and fish samples [23] . In the present study, GC with covalent adduct chemical ionization mass spectrometry (CACI-MS) was used to resolve the two sets of overlapping peaks [24] . Solutions of pure 14:1, 15:0, 16:1, and 17:0 FAME (0.5 lg/ll, Nu-Chek Prep Inc., Elysian, MN) were used to determine response factors for ions characteristic of the respective FAME. Selected characteristic ions were plotted to resolve and quantify coeluting FAME. A plot for MH ? was used for the iso-FAME in the milk sample, and a plot of ? , MH ? , and [M ? 54]
? intensities were used for the monounsaturated FAME. An example of GC-CACI-MS selected ion plots used for the resolution and quantification of iso-15:0 and 14:1 is shown in Fig. 2 . An area to weight ratio [A/W, arbitrary units/(ug/ul)] was calculated for each of the pure FAME by dividing the area from the corresponding characteristic ions to the known concentrations of the pure FAME. The concentrations (ug/ul) of the sample iso-or the monounsaturated-FAME were then calculated using the ratio between the area under the characteristic ions of the sample FAME and the A/W of the pure corresponding FAME.
The relative percent contribution of the two interfering FAME was applied to the coeluting peaks to produce yield pure intensities. The percentages of the iso-15:0 and iso-17:0 that were obtained using this method fell within the range reported previously [10, 25] .
Results and Discussion
BCFA in Retail Milk
Figure 3 presents in summary form the major classes of FA found in the present retail milk samples. The sum of palmitic acid (16:0) and all other SFA with shorter chain lengths comprised about 51%, w/w (mean). SFA with 17 or more carbons were 12%, MUFA were about 30%, and polyunsaturated FA (PUFA) were 4.7%. These values are similar to those previously found for our similar comprehensive retail milk sampling [7] .
BCFA comprised a total of 2.05 ± 0.14% of FA, or most of the 3% of FA listed previously as ''other'' [7] . The mean BCFA levels reported in the present study fall within the range previously reported in studies that measured cow's milk FA in response to various diets in small scale experimental studies [3-5, 8, 10] . Table 1 presents the mean proportions of BCFA in retail milk as %, w/w of total FA and as a % of total BCFA (mean ± SD). BCFA with 14-18 carbons and iso-or anteiso-configuration were detected, and no BCFA with Lipids (2011) 46:569-576 571 multiple branching were found. Four iso-BCFA (iso-C14:0 to iso-C17:0) were detected in all samples; low levels of iso-18:0 were also detected in most but not all of the samples. anteiso-15:0 and anteiso-17:0 were the only anteiso-BCFA found. They were in comparable concentration and constituted more than half of the total BCFA detected. BCFA with fewer than 14 carbons, such as iso-and anteiso-13:0, were not detected in any of the samples. Both iso-and anteiso-13:0 BCFA in cow's milk have been reported by some [3, 5, 8, 11] but not by others [4, 6, 26] . In the present study, retail milk samples were obtained from processing plants and represent pooled milk from many farms; use of specific feeds on some farms that may support small amounts of ruminal C13 BCFA could be diluted to below detection limits by the milk from other farms [10, 27] . Neither phytanic acid, a product of released phytol from chlorophyll by rumen bacteria [28] , nor its peroxisomal oxidation product pristanic acid [29] , were detected in the retail milk. As with C13 BCFA, these terpenoid BCFA were reported to be present in bovine milk by some [11, 12] but not by others [3] [4] [5] [6] . When reported, the variance of these BCFA was high, and it was suggested [12] that differing feed compositions are responsible for variable terpenoid metabolizing ruminal bacteria. As with the case of iso-and anteiso-13:0, it is possible that minor amounts of phytanic and pristanic acid were present in milk from some farms, but diluted to below detection limits when pooled with milk from many farms in the processing plant.
For comparison with bioactive FA found primarily in dairy products, rumenic acid (cis-9, trans-11-18:2), the most concentrated conjugated linoleic acid (CLA) in cow's milk, was 0.55%, in conventionally produced retail milk. Vaccenic acid (trans-11-18:1), the most concentrated trans monoene in cow's milk, was 1.48% in US retail milk, and the sum of all trans FA was about 3.1% [7] . Thus, both anteiso-BCFA are at the same levels in milkfat as rumenic acid, and total BCFA are more than half the concentration of total trans-FA.
Estimated Human BCFA Intake from Retail Milk
Based on these data, we can estimate the contribution of BCFA to the nutrition of Americans, using measured and estimated milk intake. One cup (244 g = 8 oz) of whole milk (3.25% milkfat) contains 7.9 g fat [30] . Two percent of 7.9 g yields a total of 158 mg BCFA per cup whole milk. For comparison to intake of bioactive FA in the American diet, this value is greater than the 100 mg average daily consumption of the DHA and eicosapentaenoic acid (EPA) reported in a survey of 8604 Americans between 1999 and 2000 [31] and by women of child bearing age based on NHANES III data [32] .
In some population groups, such as small children, milk consumption can be higher. Consumption by small children of 2.6 servings of milk was reported recently, mostly consumed as whole milk [33] . This consumption would thus represent 412 mg BCFA daily, which would provide almost 1% of the total fat intake of children age 2-5 [34] . It thus appears that the absolute daily intake of BCFA from milk-even more so, the amount of BCFA consumed per kilogram body weight-will be higher in some populations, such as in small children.
Apart from milk, other foods produced by ruminant animals, specifically cheese and beef, are expected to be other primary contributors of BCFA to the diet. US cheese BCFA can be estimated from the present measures of milkfat BCFA of about 2% of FA. BCFA averaged about 2%, w/w in Canadian retail beef [35] , and similar to Malaysia beef tallow with C13-C20 BCFA with mean concentration 2.3% (mutton tallow had 4.0% BCFA) [36] . We assume American beef has the same BCFA levels as in Canada, and an average 28 and 18% fat content in cheese and in beef, respectively [30] . According to economic disappearance data adjusted for loss, American's average per capita consumption of cheese is 30 g (1.1 oz) , at about 28% fat on average and at about 2% BCFA, cheese contributes 168 mg of BCFA. Similarly, Americans consume 50 g (1.8 oz) of cooked beef per day [37] ; at about 18% fat and about 2% BCFA, beef contributes about 180 mg of BCFA per day. Table 2 presents these values summed to estimate total current per capita intake of BCFA of about 400 mg per day from the most common ruminant foods.
We also consider the implications of dietary guidelines on BCFA consumption [38] . Americans are advised to consume three servings from the milk group, where a serving, for example, is equal to 1 cup of milk or yogurt and 1.5 oz (42 g, 2 slices) of cheese. For simplicity we assume this to be represented by the present average dietary pattern of milk intake in the US, which is 31% whole milk, 39% low fat (2%) milk, 14% lower fat (1%) milk, with the balance nonfat milk [37] . Using these values we estimate a weighted sum of the total BCFA intake from three servings of milk and cheese to be about 400 mg. Intake data estimation based on reference [37] a Actual consumption reflects the current consumption from milk, cheese and beef by Americans, which falls below recommended levels from the milk food group. Recommended consumption represents the levels of BCFA consumption that would obtain if Americans were to consume recommended amounts from the milk food group, keeping the same existing patterns as the actual consumption. For beef, the actual consumption was considered as the recommended one. Thus, the same value for beef was used for both b BCFA branched chain fatty acids c Mean, per capita, milk consumption, based on the proportions currently consumed by Americans of 3.25, 2, and 1% milk d Cheese types included in the analysis are the main cheeses consumed by Americans. An average of 28% fat was used for estimation [30] . Amounts are based on patterns of current consumption of cheese e For cooked beef, an average of 18% fat was used for estimation [30] . Americans consume enough from the meat food group, thus the actual and the recommended consumption were the same Beef, cheese and milk together account for an average estimated recommended intake of about 575 mg BCFA per capita per day ( Table 2) . Use of 2 cups of whole milk in place of reduced or no fat milks and consuming 1 serving of cheese (42 g, 1.5 oz) while consuming the same amount of beef would bring total BCFA to 731 mg/day (316 mg from milk ? 235 mg from cheese ? 180 mg from beef). These consumption levels, then, would be higher than the 500 mg/d intake for DHA and EPA for the general population recommended by the American Dietetic Association [39] , and more than double the 300 mg/d of DHA and EPA recommended by the World Health Organization in pregnancy and lactation [32] .
These estimates show that daily BCFA intake is substantial and that current recommendations promote an increase in present intake, considerably higher than other bioactive FA. Unlike DHA and EPA, for instance, BCFA sources include a greater variety of common food items, principally products of ruminants, regularly consumed by non-vegans. The low level of interest in BCFA nutrition is remarkable considering their longstanding intake.
The American dietary guidelines recommend consumption of low fat dairy products, however studies provide no convincing evidence that increased whole milk consumption is harmful with respect to ischemic heart disease and ischemic strokes [40] , or vascular disease and diabetes [41] . Some studies provide evidence that higher consumption of whole fat compared to reduced fat milk was associated with lower body mass index in preschooland elementary school-age children and less weight gain in adults [33, 42, 43] and with lower incidences of anovulatory infertility [44] . Thus, the emergence of potential benefits of whole milk consumption may have a significant effect on BCFA intake in the US population, increasing BCFA consumption even more.
BCFA are synthesized in large amounts by human skin [45] , comprise 29%, w/w, of the FA in vernix and are normal constituents of the healthy newborn gut [13] . A systematic shift in BCFA profile was observed between vernix and meconium of the same infant, implying that the fetal alimentary canal selectively metabolizes BCFA. In very recent work, feeding anoxic rat pups rat milk substitute containing a mixture similar to most BCFA found in the retail milk samples (iso-14:0, anteiso-15:0, iso-16:0, anteiso-17:0, iso-18:0, and iso-20:0) reduced the incidence of NEC compared to a control group (Ran-Ressler et al. unpublished data) and elevated mRNA levels of the intestinal, anti-inflammatory cytokine IL-10. BCFA are selectively incorporated into phospholipids of rat pup ileum and into human Caco-2 cells [46] . The risk reduction in NEC development may be linked to these observations. BCFA function in the membranes is similar to cis unsaturated double bonds; both interfere with the ability of saturated hydrocarbon chains to pack tightly forming rigid extended structures. Old data show that an E. coli strain that lost the ability to desaturate saturated FA was restored to wild-type growth rates by the addition of BCFA [47] . Apoptotic properties of BCFA on human breast cancer cells are structure-specific, with iso-16:0 having the highest activity among BCFA of C12-C20 [48] . iso-15:0 inhibited tumor growth in cultured cells and in an in vivo (mouse) models with no obvious deleterious effects [49] . Thus, BCFA of the type found in US retail milk may have a beneficial effect on proper tissue function and on gut development and function.
In conclusion, we document for the first time the profile and amounts of BCFA in retail whole milk in the US. Milk BCFA have chain lengths of 14-18 carbons and include both iso-and anteiso-BCFA. BCFA comprise 2.05%, w/w of the FA in retail whole milk. Estimated BCFA levels in beef and data on per capita milk, cheese, and beef intakes indicate that BCFA intake on average is in excess than that of many bioactive FA. Their importance in the US food supply and bioactivity suggest that they should be more carefully studied for their biological effects.
